ABSTRACT
Introduction
Study of Galactic black hole population is still a big challenge as BHs themselves do not emit in electromagnetic wavelenghts, except predicted theoretically Hawking radiation. However, black holes in binary systems are in some way possible to be observed due to their interaction with their companion, for example when star transfers mass on the BH (https://stellarcollapse.org/sites/default/ files/table.pdf and references within). Binary system with BH may be identified as well by measuring velocities of components in wide binary systems (Igoshev & Perets 2019) . Recently, after constructing LIGO and Virgo detectors, double compact object systems such as BH-BH, BH-NS,NS-NS could also be detected due to the emission of Gravitational Waves (Abbott et al. 2016a (Abbott et al. ,b,c, 2017a The LIGO Scientific Collaboration et al. 2018) . Unfortunately, listed methods can not be used in order to detect single black holes, which do not interact with any other massive physical objects. Therefore, the most promising way to study single black hole population seems to be gravitational lensing phenomenon (Wyrzykowski et al. 2016a,b) . Another possible method which could allow for detection of both isolated single and binary BHs is studying X-rays emission caused by accretion from dense interstellar medium (ISM) (Tsuna et al. 2018 ). However so far there was no BH detection using this method.
On the other hand, having an access to cosmological, population synthesis simulations and theoretical stellar evolution models one may try to predict the number of Galactic black holes in different configurations. There have been several attempts of such studies in the past. For example a total number of Milky Way black holes was estimated by Shapiro & Teukolsky (1983) ; van den Heuvel (1992) at the level of 1 × 10 8 . Population of Galactic BH-BH binaries has been studied by using cosmological simulations by Lamberts et al. (2018) . Total number of BH-BH binaries was estimated at ∼ 1.2 × 10 6 with the average mass 28M per system. Massive star and double compact objects binaries were studied using galactic evolutionary code (Vanbeveren & Donder 2010; Mennekens & Vanbeveren 2014 Wiktorowicz et al. (2019) predicted the number of Galactic BHs which formed from binary star systems assuming one Galactic component (disk) and constant star formation rates in Galaxy.
At the moment, nearly twenty Galactic stellar black holes in binaries are observed (Casares 2007; Casares & Jonker 2014) , (https://stellarcollapse.org/sites/default/ files/table.pdf and references within). All of them are in X-ray binary systems, where BH draws matter from its companion via an accretion disc. The average mass of observed stellar BHs is about 7.5 M . However, one need to remember that those binary systems are possibly not representative statistical probe as they are only a small fraction of whole Galactic BH population. Most of Galactic BHs are hard to detect as they do not interact with companion and could have had much different evolutionary history. Therefore distributions of BH properties such as masses or velocities are possibly much different than shown only by observed binaries.
Milky Way can be divided into several main components: bulge, disk (thin and thick disk) and halo. Those parts are different in their structure, stellar properties (such as chemical composition), formation history or dynamics. For example in Galactic disk one may find young stars with high metal content, while Galactic halo is rather dominated by old and metal poor stars. In simulations we need to take into account metallicity and age distributions of Galactic stellar populations based on the recent literature as it strongly influence the course of the evolution of single and binary star systems.
In this article we only consider evolution of isolated single and binary stars in Milky Way. In particular we do not consider dynamical interactions between stars in field populations. Although such interactions are rare they may lead to some interesting results (e.g. Klencki et al. (2017) ). We also do not consider triple or higher multiplicity stellar systems. Evolution of such systems may lead to formation of some exotic configurations, and may also possibly enhance BH formation (e.g., Eggleton & Kiseleva-Eggleton (2001) ; Antonini et al. (2017) ; Arca-Sedda et al. (2018) ), but typically fraction of stars in higher multiplicity systems is not too large (Duchêne & Kraus 2013; Raghavan et al. 2010) . Finally, we also do not consider here Galactic globular clusters (GCs). As shown by cosmological simulations (Kravtsov & Gnedin 2005) or by measuring the mass to light ratio M/L (Kruijssen & Mieske 2009 ), the total mass of Galactic GCs is only about ∼ 0.005 − 0.01% of the Milky Way stellar mass.
Our main motivation was to create an open-access database which contain basic statistical properties of BHs in the Milky Way. Such a catalog may be useful for observers as major part of Galactic black hole population (as it is shown by previous and our current results) is so far undetected. In our catalog we list most common BH configurations, BH numbers, masses and velocities, and their place of origin. Such information may help to guide current and future electromagnetic (e.g., Gaia) and gravitational-wave (e.g., LISA) missions to detect large number of BHs in Milky Way. For double compact objects (DCOs: NS-NS/BH-NS/BH-BH) we additionally list their current merger rates in Milky Way (or similar galaxies) as they may be of some importance for LIGO/Virgo missions.
Method
To calculate evolutionary scenarios of star systems we used updated population synthesis method implemented in StarTrack code. Currently the code allows to simulate single star as well as a binary system evolution for a wide range of initial conditions and physical parameters. Physics formulas and methods implemented in StarTrack code have been expanded and updated over the years (Belczynski et al. 2002 (Belczynski et al. , 2008 .
Initial conditions
For initial mass of the single star we adopted 3-broken powerlaw initial mass function (IMF) from Kroupa et al. (1993) . We calibrate power-law exponent α for massive stars basing on recent observations from Sana et al. (2012) :
We apply calibrated IMF for both single stars and primaries (more massive) stars in binary systems. Mass of the secondary (less massive) star of binary system (M 2 ) is the mass of the more massive star (M 1 ) from IMF multiplied by mass ratio factor q from uniform distribution in the range q ∈ [0.08/M 1 , 1].
To generate initial semi-major axis of binary system we used third Kepler law (semi-major axis-period relation). We adopted power low distribution in log(P) in range log(P[days]) ∈ [0.15, 5.5] with exponent α P = −0.55 and power-law initial eccentrcity distribution with exponent α e = −0.42 in a range [0,0.9] from Sana et al. (2012), and Belczynski (2015) .
In our simulation we generated single and binary star systems with different metal contents and ages. For each of 18 stellar populations of Galactic components (see Sec. 2.5) with given age and metallicity we evolved 2.5 × 10 6 binary systems (primary component in mass range 5-150 M and secondary in mass range 0.08-150 M ) and 5.0 × 10 6 single stars (in mass range 5.0-150 M ). The total simulated mass of systems generated for each stellar population in the whole IMF mass range 0.08-150 M is 3.1×10 8 M for binaries and 7.6×10 8 M for single stars. We scaled linearly number of generated systems to fit the real mass fractions and binarity of stellar populations in Galactic components.
Physics model
In our simulation we apply standard updated StarTrack physical model. We use rapid supernovae (SN) model with explosions driven by instabilities with a rapid growth time of the order of 10-20 ms (Fryer et al. 2012a) . The model include weak pulsation pair-instability supernovae (PPSN) and pair-instability supernovae (PSN) (Woosley 2017; Belczynski et al. 2016) . We applied moderate weak PPSN model with only up to 50% mass loss by Leung et al. (2019) and approximate the formula for final post PPSN remnant mass (M f ) as a function of He core mass (M He ) in the following way: To obtain remnant natal kicks after supernovae explosion we used Maxwellian velocity distribution with σ= 265 km/s (Hobbs et al. 2006) . BH velocities from Maxwellian distribution are multiplied by a fallback factor f f b ∈ (0, 1) which is inversely proportional to the fall-back of material after a SN explosion. As a result we obtain both high and low natal kick velocities for BHs.
In simulations we adopted following mass transfer settings: 50% non-conservative RLOF and 5% Bondi-Hoyle rate accretion onto NS/BH in common envelope phase (CE). In this work we do not consider effects of rotation on stellar evolution. In our simulation we assumed star binary fraction of 50 % so 2/3 of stars in all Galactic components are formed binary systems and 1/3 of them are single stars, as it is observed in solar neighborhood (Gao et al. 2014) . We assumed solar metallicity Z =0.014 (Asplund et al. 2009 ).
Hertzsprung gap stars in common envelope
We calculated two CE models (marked as A and B) which represent different scenarios for binary system with Hertzsprung gap star (HG) as a donor in the CE phase. In model B we assume that all of such binary systems merge during CE and possibly create a single BH. In model A we let such a system to survive CE phase on the energy balance calculations (Webbink 1984) . Currently it is not well known which scenario operates (Ivanova & Taam (2004) ). A significant part of Galactic black holes may be formed in mergers of binary systems. The final mass of BH depends on merging star masses and evolutionary types of merging objects. The amount of mass rejected from the system after coalescence is lower for dense, compact objects than for radially extended stars. However, stellar collisions are not well studied yet. Therefore, we adopt a simple model to estimate final BH mass. Here we describe the procedure of calculating BH mass formed in merger of objects of different types (abbreviations of object types are given in Tab. 1):
Mergers
We take a sum of the more massive star and the less massive star multiplied by the coefficient f MS MS = 0.5. If the sum is greater than minimal zero main sequence (ZAMS) star mass that finally forms a BH, we fit mass of a single black hole which is predicted by StarTrack for a star with
We take a sum of mass of the He star and the mass of MS star multiplied by coefficient the f MS He = 0.5. If it is greater than a minimal mass of helium core that finally forms a black hole, we take the sum M tmp as a BH mass.
We take a sum of the more massive star and mass of the second He star multiplied by coefficient the f HeHe = 0.5. If it is greater than a minimal mass of helium core that finally becomes a black hole we take the sum M tmp as a BH mass.
We take a sum of the WD mass and the MS/He star mass multiplied by the coefficient f WDMS = 0.5. If it is greater than a maximum mass of neutron star, the summary mass is a mass of black hole.
We take a sum of the NS mass and the MS/He mass multiplied by the coefficient f NS MS = 0.5. If it is greater than maximum mass of a neutron star, the summary mass is a mass of black hole.
Black hole mass is increased by the MS/He star mass multiplied by the f BHMS = 0.5
We take a sum of the more massive star and the less massive star multiplied by coefficient the f MS HG = 0.5 . If the sum is greater than a minimal ZAMS star mass that finally forms a BH, we fit mass of a black hole which is predicted by StarTrack for a star with
We take a sum of merging CE stars masses and multiply it by the coefficient f CE = 0.5. If the sum is greater than a minimal ZAMS star mass that finally forms a BH, we fit a mass of black hole which is predicted by StarTrack for a star
Note that our parameters f MS MS , f MS He , f HeHe , f WDMS , f NS MS , f BHMS are not well constrained by any simulations. Note also that our adopted values (0.5) allow for significant mass loss during mergers. Therefore our results are rather conservative in the context of BH formation and mass estimation.
We classify whether a given compact object is a NS or a BH based on its mass. Current observations indicate that NS mass may be as high as 2.27 Linares et al. 2018 ). Theoretical models result in wide range of maximum NS mass: M NS,max = M (Kalogera & Baym 1996) . In our simulations we adopt maximum NS mass of M NS,max = 2.5M .
Star formation rate of the Milky Way
We created a new model of star formation rates (SFR) and metallicity distribution of stellar populations in the Milky Way. Previously used model was not realistic as it typically considered only one Galactic component (disk) with constant SFR and same metallicity of all stars, usually equal Z=0.02 (e.g. in Abadie et al. (2010) ; Belczynski et al. (2018) ). Those assumptions are inconsistent with current knowledge about the Milky Way. SFR is important for many reasons. For example the number of Galactic compact objects (BHs, NSs, WDs) scales linearly with assumed stellar mass. Formation time of the considered stellar population may significantly affects double compact objects merger rates because it determines what fraction of binaries have already merged. Metallicity of stellar populations is extremely important for BHs, as their formation and mass depend critically on stellar winds which in turn are a sensitive function of chemical compostion of progenitor stars (e.g. Belczynski et al. (2010) ; Mennekens & Vanbeveren (2014) ; Klencki et al. (2018) ) We have prepared a new model of star formation rates and metallicity evolution of three Galactic components: disk (thin and thick), bulge and halo, basing on information available in the recent literature. Our overall model for Milky Way star formation is shown in Figure 1 , while details are described in the following sections: for bulge see Sec. 2.5.1, for disk see Sec. 2.5.2 and for halo see Sec. 2.5.3. 
Galactic bulge
Galactic bulge is the central part of Galaxy with corotation radius of ∼ 4 kpc (Gerhard 2001 ). In our calculation we assumed that total stellar mass of Galactic bulge is 0.91 ± 0.07 × 10 10 M (Licquia & Newman (2015)). Stellar metallicity and age distribution covers a wide range of values what is shown both by observations (e.g. Bensby et al. (2018) ) and by cosmological simulations (e.g. Kobayashi & Nakasato (2011) ). To reconstruct properties of the stellar populations in bulge we used figures from Kobayashi & Nakasato (2011) . For stars age distribution we used Fig. 6 , for stellar age-metallicity relation we used Fig. 8 . We approximate metallicity and age relations in the following way: -half of the stars in bulge formed 10-12 Gyr ago (a formation peak, SFR=∼2.3 M yr −1 ) and another half of stars formed from 10 Gyr ago to the current time with a constant star formation rate of ∼ 0.5 M yr −1 . -star systems which are older than 10 Gyr are divided into four equal in mass groups of metallicities: 0.1 Z , 0.3Z , 0.6Z , 1.0Z -stellar population younger than 10 Gyr ago has high metal content, equal 1.5Z Our model of star formation and metallicity for bulge is shown in the Figure 2 . 
Galactic disk
In our calculations we use the total mass of the Galactic disk 5.17 ± 1.11 × 10 10 M estimated by Licquia & Newman (2015) . We assume that disk is divided into two main components: thick and thin disk which had different star formation history. Stellar populations in disk have different metal contents and ages. Thin disk is the dominant in mass part which contains about 90% of all disk stars (Cignoni et al. (2006) ). Therefore, in our model 90% of total disk stellar mass is contained in thin disk and the remaining 10% of mass is in thick disk.
Thick disk formed as a first and its average age has been estimated for 9.6 Gyr ± 0.3 by Soubiran & Girard (2005) . The contribution of stars younger than 9 Gyr in thick disk is minimal as shown by Cignoni et al. (2006) . In our model stellar population in thick disk formed with SFR = ∼ 2.5 M during a period from 11 to 9 Gyr ago and had a metal content equal 0.25Z , Fig.6 (Liu et al. (2018) ).
Star formation history of thin disk was estimated basing on the age distribution of observed stars showed in Fig. 13 in Casagrande et al. (2011) and results of Kobayashi & Nakasato (2011) . We approximate figures by ten star formation episodes, which started 10 Gyr ago and last till current moment. New episodes happen every 1 Gyr and last for ∆t = 1 Gyr with A. Olejak K. Belczynski et al.: Synthetic catalog of black holes in the Milky Way constant star formation rate equal ∼ 5M yr −1 . Based on the metallicity-age relation presented in Haywood et al. (2013) , Haywood et al. (2015) , in the next formation episodes metal content of stellar populations increases and changes from 0.1Z to Z with rate of ∆Z = 0.1 Z Gyr −1 . Our SFR and metallicity distribution model of disk as a function of time is shown on Fig. 3 . 
Galactic halo
Galactic halo is the most massive Galactic component. Total mass of halo is estimated at ∼ 10 12 M (Wang et al. 2015; Grand et al. 2019 ) but most of it is dark matter, which do not reflect or emit electromagnetic radiation. In our simulation we considered only the stellar mass in Galactic halo, which is a small fraction of the total halo mass, estimated at around 2 × 10 9 M (Morrison et al. 2000; Chiba & Beers 2000; Yanny et al. 2000; Siegel et al. 2002; Bullock & Johnston 2005) . To reconstruct age and metallicity of stars in halo we used results of cosmological simulations by Kobayashi & Nakasato (2011) . We approximate Fig.  6 to get a distribution of star ages for halo and Fig. 8 for star age-metallicity relation. We simplify those relation by dividing halo into two equal in mass components which formed 11-12 Gyr and 10-11 Gyr ago with respective metallicities: 0.01Z and 0.02Z and star formation rate of ∼ 0.5 M yr −1 . Model of SFR and metallicity in halo is shown on 4.
Velocities of black holes
Total velocity of a Galactic BH is a sum of the motion in Milky Way gravitational potential and the velocity obtained during isolated or binary evolution. In our estimation of BH speed we considered both the rotation velocities around the Galactic center and additional BH velocities from physical processes such as SN explosions. Single and binary BHs could get a significant portion of kinetic energy after SN/core collapse formation due to asymmetric neutrinos flux release (Fryer et al. 2012b; Janka 2017) . If BH is in a binary system, the whole system changes its velocity after the first and the second NS or BH formation (Kalogera 1996) . If the velocity is high enough, binary system gets disrupted. Disruption of binary system may happen not only in asymmetric SN explosions. Disruption may also be a result of Blaauw kick associated with symmetric mass loss which leads to change in mass ratio and orbital elements of the system. We calculated velocities of single and binary BHs after their formation in three spatial dimensions,
To estimate the motion of BHs in the Milky Way potential we used approximated form of Galactic rotational curve (V r ), applied in other Galactic simulations (e.g. Abramowicz et al. (2018) ). The simplified rotational curve has a form:
V r = 220 km/s for disk and halo 220 km/s × r/R b for bulge
In our estimates R b is the radius of bulge equal to 4 kpc (Gerhard 2001) and r is a distance from a BH to the Galactic center generated from the uniform distribution in range of [0, 4] kpc. In order to calculate the sum of two velocities (V S ,V r ) we generated components of vector V r in three spatial dimensions for bulge and halo (spherical motion) and in two dimensions for disk (motion in plane). The total BH velocity in our results is norm of the sum of two velocities V S and V r in three dimensions.
Results
We present results of our simulations for Galactic components: Section 3.1 for bulge, Section 3.2 for disk (thin and thick), Section 3.3 for halo. In each of subsection one may find tables for single and binary black holes which contain basic statistical information such as estimated number of BHs in different configurations, formation channels and average masses of BHs and their companions (for binary BHs). The abbreviation of objects types are given in Table 1. In the tables there are always two values which refer to two considered evolution models A and B (see Sec. 2.3) given in order A/(B).
In the table with single black holes we include sections: single stars, mergers and disrupted binaries which refer to BH formation channel. Section single stars is for BHs which are remnants of massive single stars evolution. Mergers section is for single black holes created in the coalescence of binary system and is divided into several rows corresponding to types of objects that have merged. The third section is for BHs from disrupted binary systems. Note that in the merger section, in the row with BH-BH systems, the entry refers to the number of single black holes that formed in merger of two BHs while in the section for disrupted systems, the number in the row BH-BH is the total number of single black holes after system disruption (so two times the number of disrupted BH-BH binaries). In the table with binary system BHs one may find two sections: one with double compact objects systems (BH-BH, BH-NS, BH-WD) and one with other binary systems in which black hole companion is unenvolved star. In table is an information about the types of BH companion objects, estimated number of BHs in given Galactic component and their average masses. In Section 3.4 we constrain the amount of dark matter that could be hidden in Galactic halo in the form of stellar origin BHs which are are not detectable by current observation surveys . In Section 3.7 we calculated how Galactic compact object merger rates have changed since Milky Way formation till current time. In Table 11 we present current Galactic merger rates for BH-BH, BH-NS and NS-NS binary systems. In Section 3.5 we present and discuss distribution of single and binary BH mass in Galactic bulge, disk and halo. In Section 3.6 we show and discuss velocity distribution of single and binary BHs in Galactic components. In Table 10 we give BH average speeds in bulge, disk and halo. We constrain the fraction of BHs with speed high enough to escape from Galaxy.
Galactic bulge
We find that Galactic bulge hosts about 2 × 10 7 single BHs and about 1 × 10 6 BHs in different types of binary systems. The average mass of single BH is 12.9/(12.0) M while average mass of a black hole in binary system is ∼ 15.6/(15.8) M . The most massive black holes in bulge are formed in coalescence of massive binary system (main sequence and helium star or BH-BH system) and they can reach value of ∼ 80 M .
Significant amount of single black holes in bulge (nearly 40%) are remains of single massive stars evolution. Average mass of such a BH is ∼ 11.7 M . The second important origin of single BHs are binary system mergers, especially MS-MS and MS-He. Over 30% of bulge single black holes are formed in mergers and their remaining masses cover a wide range of values. The least massive single black holes originates from mergers of low mass binaries such as WD-MS or WD-He. Average black hole mass in binary system is ∼ 17 M . The majority of binary systems with BH in bulge are BH-BH systems (80 % of binary BHs). BHs in binary systems with non compact companion is a small fraction, about 3 % of all bulge binary BHs.
Galactic disk
Over 80% of Galactic BHs are in disk as in our simulation it is the most massive component ( see Sec. 2.5). In both disk components, thin and thick, there are in total ∼ 1.3 × 10 8 single BHs with average mass of ∼ 13 M and about ∼ 8 ×10 6 black holes in binary systems with average mass of BH ∼19 M . The most massive black holes in Galactic disk are ∼ 90 M and they are formed in coalescence of MS-He stars and BH-BH binaries. Values for both models A and B given in order: A/(B). Note that in section with compact mergers in row BH-BH the number refers to number of single black holes that where created. In section with disrupted systems the number in row BH-BH informs about total number of single black holes after disruption (not the number of systems). Values for both models A and B given in order: A/(B). Note that the number in row with BH-BH systems refers to total number of black holes (not systems).
There are three main formation channels of single BHs in Galactic disk. Around 30 % of single BHs in thin disk and 36 % of single BHs in thick disk are final remnants of massive single star evolution. Their average mass is ∼ 12-14 M . Second important channel is merger of binary systems which leads to formation of about 33 % of disk single BHs. BHs from disrupted binaries are about 20 % of all disk single BHs with average masses of ∼ 12 M . 1.1 × 10 7 /(1.1 × 10 7 ) 11.5(11.5) BH -NS 1.4 × 10 7 /(1.4 × 10 7 ) 11.6(11.6) BH -WD 9.8 × 10 5 /(9.8 × 10 5 ) 9.1(9.1) BH -MS 1.5 × 10 5 /(1.5 × 10 5 ) 9.0(9.0) Total:
1.2 × 10 8 /(1.0 × 10 8 ) 13.5(11.8)
Values for both models A and B given in order: A/(B). Note that in section with compact mergers in row BH-BH the number refers to number of single black holes that where created. In section with disrupted systems the number in row BH-BH informs about total number of single black holes after disruption (not the number of systems).
Majority of binary BHs in disk (∼ 80 % of BH in binaries) are in BH-BH configuration. The average mass of BH in binary system is about ∼ 19 M . The fraction of BHs with unenvolved companion is small, less than 2% of all disk binary BHs.
Galactic halo
Galactic halo is the least massive component in our simulation as we considered only its stellar mass (Sec. 2.5). Majority of halo mass are not stars, so we do not consider this mass in stellar origin BH formation. The total number of black holes in halo is only 4 % of all Galactic BH population, it contains ∼ 6 ×10 6 single black holes with average mass ∼ 17 M and about ∼ 5 ×10 5 black holes in binary systems with average BH mass ∼ 24 M . Due to the low metallicity of stellar populations, the most massive black hole in simulations, with mass of 130 M , is formed in halo. It originates from a merger of MS and He star. Formation channels of single black holes in halo are the same as in disk and bulge, but the fractions are slightly different. Over 50% of single BHs formed in binary system mergers (mainly MS+MS, MS+He and WD+He), while about 36 % are remnants of single massive star evolution. BHs from disrupted binary systems are ∼ 14% of halo single BHs with their average mass of about 17 M . Values for both models A and B given in order: A/(B). Note that in section with compact mergers in row BH-BH the number refers to number of single black holes that where created. In section with disrupted systems the number in row BH-BH informs about total number of single black holes after disruption (not the number of systems).
Binary black holes in halo are also mainly in BH-BH binaries (in ∼80% of binary BHs). The fraction of BHs with non compact companion in halo is ∼ 1.5 %. 7.0 × 10 6 /(5.9 × 10 6 ) 18.5/(19.6) 1.0/(0.9)
Values for both models A and B given in order: A/(B). Note that the number in row with BH-BH systems refers to total number of black holes (not systems).
A&A proofs: manuscript no. ms Values for both models A and B given in order: A/(B). Note that the number in row with BH-BH systems refers to total number of black holes (not systems).
Dark matter in stellar origin BHs
There have been several microlensing surveys towards halo in order to search for and constrain the amount of massive compact halo objects (MACHOs) which may constitute part of dark matter (Alcock et al. 2001) . The presence of MACHOs with mass over 20 M can not be excluded by observations (Tisserand et al. 2007; Wyrzykowski et al. 2011) as current microlensing surveys do not cover long enough timescale to detect such massive objects. On the other hand, the existence of wide binary systems in halo indicates the absence of MACHOs with masses larger than ∼ 100 M . Observed binaries would likely get disrupted in interaction with objects with such a large mass (Yoo et al. 2004; Monroy-Rodríguez & Allen 2014) . Those two restrictions give us the recent upper and lower limit on MACHOs mass range which existence cannot be excluded by current observational surveys (Bird et al. 2016) . We calculated fraction of mass in Galactic halo hidden in the form of stellar origin black holes in the mass range of 20-100 M . The total mass of such BHs is ∼ 5.2 ×10 7 M , which could constitute only ∼ 0.005 % of total Galactic dark matter mass which is of the order of ∼ 10 12 M (Wang et al. 2015; Monari et al. 2018; Grand et al. 2019 ).
Mass distribution
In Figures 7 and 8 we present distribution of single and binary BHs masses for two considered evolutionary models A and B and three Galactic components: bulge, disk and halo. Mass distribution for single and binary BHs is very different. Average mass of a BH in a binary system ∼ 19 M is larger than for single BHs with average mass of ∼ 13 M . The difference in average mass of single and binary BHs is mainly due to our adopted natal kick distribution, in the less massive remnant (BH/NS) the higher velocity it gets. This results in disruption of many low mass binaries during BH/NS formation. Note that in all Galactic components mean BH mass in binary BH-BH system is larger than a mass of BH from distrupted BH-BH systems (see Tab: 2, 3, 4, 5, 6, 7, 8, 9) . Also because of assumed natal kick distribution, BHs in binary system are mainly in BH-BH systems (80 % of Galactic binary BHs).
The distributions of single BH masses in all Galactic components (disk, bulge and halo) have a peak near 10-15 Compact mergers BH -BH 6.2 × 10 4 /(3.9 × 10 4 ) 41.0/(42.5) BH -NS 7.4 × 10 2 /(7.4 × 10 2 ) 11.7/(11.7) NS -NS 2.5 × 10 2 /(4.8 × 10 1 ) 2.5/(2.5) Values for both models A and B given in order: A(B). Note that in section with compact mergers in row BH-BH the number refers to number of single black holes that where created. In section with disrupted systems the number in row BH-BH informs about total number of single black holes after disruption (not the number of systems).
M and above that mass the number of BHs systematically decreases and reaches zero in different mass limits depending on Galactic component (note log scale). In halo, the decrease of the number of BHs along with mass is less steep than in bulge or disk. The average single BH mass in halo (∼ 17 M ) is larger than in other components (bulge and disk ∼ 12-13 M ). The occurrence of more massive BHs is associated with the lower stellar metallicity (Belczynski et al. 2010 ) which is associated with less weight loss from massive stars due to stellar winds. The range of possible single BH masses (∼ 2.5-130 M ) is wide as significant number of single BHs originate from binary system mergers (∼ 40 %), which could be both low mass (the final BH mass close to max. NS limit) and high mass. Average mass of BHs of all merger types is similar to other formation channels. However, note that BHs from mergers widen the range of possible BH masses above PPSN limit and fill the first and second mass gap. The first mass gap (Demorest et al. 2010; Antoniadis et al. 2013; Swihart et al. 2017 ) between 3-5 M .is filled by black hole masses formed mainly in coalescence of WD and He/MS stars. We assume that merger of WD and a massive star leads to the collapse to a BH/NS. Formed BH mass is calculated according to formula in Section 2.4. As we mentioned before, single BHs are hard to detect so the presence of black holes in the mass gap is not in tension with observations (Wyrzykowski & Mandel 2019) . The second mass gap is filled A. Olejak K. Belczynski et al.: Synthetic catalog of black holes in the Milky Way Values for both models A and B given in order: A(B). Note that the number in row with BH-BH systems refers to total number of black holes (not systems).
mainly by mergers of MS+He stars and BH-BH. In both bulge and disk the largest achieved BH mass is ∼ 80-90 M while in halo it is ∼ 130 M .
The range of possible binary BH masses is narrower than for single black holes. The upper limit on binary BHs mass (∼ 50-60 M ) is similar in all Galactic components: disk, bulge and halo and it is a result of two physical processes: stellar winds (Belczynski et al. 2010)) and pair-instability limit (Leung et al. 2019; Woosley 2017) . The upper limit is consistent with the second observational mass gap. Also the first mass gap is reconstructed for binary BHs due to the adopted rapid SN model (Fryer et al. 2012a) . However, there is a narrow, isolated peak near a range of 2.5-3 M (close to max. mass of NS). The peak is made of black holes that formed in accretion of matter on the massive neutron star from its binary companion. The fraction of BHs with unevolved companion (e.g. main sequence or giant star) is small, a few percent of all binary BHs. The companion is usually a low massive star M<1 M . More massive stars are less frequent, especially in older stellar populations as their evolution time is shorter than most population ages. Even if the NS interacts with the more massive companion, the mass transfer on the NS/BH during short-lived CE event is related to the Bondi-Hoyle accretion which in our model is rather inefficient (see Sec. 2).
Velocity
In Figures 9 and 10 we plotted a distribution of a single and a binary black hole velocities for the two considered models A and B (see Sec.2.3) and three Galactic components: bulge, disk and halo. With the red, dashed line we marked the velocity equal 580 km/s which is an estimated value of the local Galactic escape speed at the Sun's position (Monari et al. 2018) . Escape speed depends on the location in the Milky Way and can take values from a range of ∼ 550-650 kms −1 .
Average value for both single and binary BHs is similar in given Galactic component as BHs in general do not reach high speeds as a result of binary or single evolution. Majority of BH velocities are close to the values which we adopted from approximated form of rotation curve for a given component (2). Very high speeds of single BHs (over 1000km/s) are rare cases (note log scale). However, there is a difference in the range of possi- (220) ble speeds of single and binary BHs. Single BHs may achieve speeds from 0 to even ∼ 1700 km/s in model A and to 1100 kms −1 in model B. The maximum speed of BH in binary system is ∼ 700 kms −1 . This is a result of assumed natal kick distribution (see Sec, 2) . NS and low massive BHs gets higher natal kicks, inversely proportional to remnant mass. Those systems often get disrupted. BHs from disrupted binaries may achieve high velocities and are classified as single BHs. Black holes in binary systems are often more massive and get lower natal kicks (remain bound). Sporadic cases of very high speeds in model A are low massive BHs from close binaries which got disrupted after BH/NS formation which pass CE phase with HG donor.
In the Table 10 we present average single and binary BH speeds for two models A and B and different Galactic bulge, disk and halo.
We calculated that ∼ 5% of single BHs (∼ 8 × 10 6 ) and less than 0.001 % of binary BHs (∼ 100) have velocities greater than 550 km/s, the lowest escape velocity from Milky Way (Monari et al. 2018) . This gives us an upper limit on the fraction of BHs that could escape form the Galaxy in our physical model. Note that if we would adopt natal kick model with no fallback parameter the fraction of BHs with very high velocities would increase.
Galactic merger rates
We calculated how merger rates of double compact object systems (BH-BH, BH-NS and NS-NS) have been changing since Galactic formation till the current moment. We present results for two models, A and B (Sec. 2.3). DCO merger rates have been changing along with star formation and stellar metallicity of Galactic components (see Fig. 5 ). In general the higher star formation rate in the given time, the higher merger rates, as the time-delay distribution between formation of binary system and its merger is a steep power-low (∝ t −1 ) (Dominik et al. 2012) . Also the metallicty of stellar population is an important factor which strongly influences DCO merger rates, especially for BH-BH systems (Dominik et al. 2013; Spera et al. 2015; Dvorkin et al. 2016 ). The highest BH-BH merger rates in both models A and B occurred between 8-11 Gyr ago. The effect was caused by a peak in SFR (Sec. 2.5) as at that time there was an intensified star formation episode in bulge, the stellar population of thick disk was forming and star formation in thin disk have already started. High BH-BH merger rates were also caused by low metallicity of stars forming in this period. In both models BH-BH merger rates are going down with time but in model B rates decrease more dramatically. In higher metallicity, due to increased mass loss in stellar winds, binary systems evolve in a such way that HG star is more often a donor in common envelope phase. These systems are then eliminated from a population (see Sec. 2.3). Merger rates of BH-NS and NS-NS systems did not change so much with Galaxy formation and metallicity as rates for BH-A&A proofs: manuscript no. ms 2.2) and fallback factor inversely proportional to mass, many low mass compact object binary systems get disrupted by SN explosion/core collapse. Those disruptions decreased compact object merger rates, especially for NS-NS systems. Our NS-NS merger rates fit well the results for the same physical model in Belczynski et al. (2018) and can be compared with other physical models in this work. In the Tab. 11 we present current merger rates of BH-BH, BH-NS and NS-NS systems per Myr −1 for two considered models A and B.
We calculated the fractions of current Galactic double compact object systems that will merge in Hubble time (in next 14 Gyr). Percentage fraction such systems for two considered evolution models given in order A/(B) is: ∼6%/(1%) for BH-BH, ∼13%/(6%) for NS-NS and ∼16%/(2%) for BH-NS systems. Note that star formation is still taking place in some parts of the Milky Way so number of double compact object systems will also increase. Numeric data are presented in Table 12 :
Conclusions
We present population synthesis statistical estimates of the current Milky Way black hole population properties. We used the most current version of the StarTrack code with standard physics (Sec. 2) and processed the data with the new star formation rates and metallicity distribution model of our Galaxy, based on theoretical models and observations. We show results for two models: A and B, which correspond to different scenarios of a CE phase (Sec. 2.3). We find that: 1) At the current moment the Milky Way (disk+bulge+halo) contains about 1.6 × 10 8 single black holes with average mass 13 M and 9.3 × 10 6 black holes in binary systems with average mass 19 M . 2) There are three main formation channels of single BHs: ∼ 35% are remnants of massive single star evolution, ∼ 40% formed in binary systems merger, ∼ 25% of single BHs originate from disrupted binary systems during black hole/neutron star formation.
3) The most massive black hole in simulation comes from old, low in metal environment of Galactic halo. It formed in MS-He stars coalescence and its mass is as large as ∼ 130 M . 4) Black holes in binary systems constitute ∼ 10 % of the whole Galactic BH population. Most of BHs in binary systems are in BH-BH configuration. The fraction of black hole binaries with non compact companion is small, about 0.3 % of all Galactic BHs. -We estimate how double compact object systems merger rates (BH-BH, BH-NS and NS-NS) have changed along with the Galaxy star formation. Current Galactic merger rates depend on model and they are estimated at ∼ 81/3 Myr −1 for BH-BH, ∼ 9/1 Myr −1 for BH-NS and ∼ 59/14 Myr −1 for NS-NS systems. 5) We constrain that only ∼ 0.005 % of total Galactic halo mass (including dark matter) could be hidden in the form of stellar origin BHs which are not detectable by current observational surveys 6) Only ∼ 5 % of single BHs and 0.001 % of binary BHs have enough high velocities to escape from Galactic potential.
On Figure 6 we show how the total number of BHs formed in the Milky Way have been changing since the Milky Way formation till current time with assumed star formation rates and star metallicity distribution (Sec.2.5) for two evolutionary models A and B. Article number, page 11 of 14 A&A proofs: manuscript no. ms In model B we assume that CE phase with HG donor star always leads to binary system merger.
